Background: Chronic obstructive pulmonary disease (COPD) is recognized as a chronic lung disease with incomplete reversible airflow limitation, but its pathophysiology was still not clear. This study aimed at investigating regulatory roles of special miRNA-mRNA axis in COPD development. Methods: Differentially expressed miRNAs and downstream mRNAs were screened from the Gene Expression Omnibus (GEO) dataset by using the LIMMA package in R software. Weighted Gene Co-expression Network Analysis (WGCNA) was used to construct a coexpression network for COPD. The correlation of dysregulated miRNA(s) and COPD was analyzed, and miRNAs with significant differences were validated in peripheral blood mononuclear cells (PBMCs) from COPD patients by real-time PCR. Regulatory roles of candidate miRNAs and targeted mRNAs were investigated in vitro study. Results: Thirteen modules of co-expressed miRNAs and mRNAs were constructed from a selected cohort with WGCNA. Turquoise module with 12 differentially expressed miRNAs and 120 mRNAs was significantly correlated with COPD. The expression of hsa-miR-664a-3p, an upregulated miRNA in the module, was increased both in lung tissue and PBMCs from COPD patients, whereas that targeted four and a half LIM domains 1 (FHL1) gene was decreased and positively correlated with forced expiratory volume in 1 sec (FEV1)/forced vital capacity (FVC%) (r = 0.59, p < 0.01). In vitro, luciferase activity assay revealed FHL1 as a target of hsa-miR-664a-3p and it could be directly downregulated by overexpression of hsa-miR-664a-3p. Furthermore, cigarette smoke extract could increase hsa-miR-664a-3p level and decrease FHL1 level in Beas-2B cells. Conclusion: The present study validated significant upregulation of hsa-miR-664a-3p in COPD patients, and its target gene FHL1 was downregulated and positively correlated with FEV1/FVC%; both hsa-miR-664a-3p and FHL1 could be regulated by cigarette smoke extract. Results of bioinformatic analyses and expanded validation suggest that the axis from hsa-miR-664a-3p to FHL1 might play a key role in cigarette smoke-induced COPD, and the exact mechanism should be confirmed in further studies.
Introduction
Chronic obstructive pulmonary disease (COPD) is recognized as a chronic lung disease with incomplete reversible airflow limitation and predicted to be the third leading cause of death worldwide by 2020, 1, 2 that resulting in an important problem threatening public health and quality of life. COPD is usually caused by being exposed to noxious particles or gases, cigarette smoking is one of the major risk factors. 3 Under complex condition, chronic airway inflammation and emphysema are the two main pathological subtypes of COPD, which cause immunological disorder and destruction of lung tissue. 4, 5 However, the pathogenesis and effective biomarkers of COPD diagnose and treatment
have not yet been elucidated. MicroRNAs (miRNAs) are a kind of endogenous noncoding RNAs, of 20 to 24 nt, which can participate in regulating physiological and pathological conditions by binding to the 3′ untranslated region (3′ UTR) of target mRNAs. 6 Growing evidence has revealed that matched miRNA-mRNA pairs can also play vital roles in the pathogenesis and development of COPD. [7] [8] [9] [10] [11] [12] [13] [14] [15] For instance, Ezzieet, et al, found that the expression of miR-15b was increased and that of its targeted gene, SMAD7, was decreased in COPD lung tissues, and their co-expression participated in the COPD process via a transforming growth factor β (TGF-β) signal pathway. 7 MiR-29b expression was found decreased in both plasma and lung tissue of COPD, and was significantly associated with functional changes of the lung. In addition, miR-29b could regulate cigarette smoke extract (CSE)-induced interleukin 8 (IL-8) expression by targeting bromodomain 4 in bronchial epithelial cells. 8 Soeda and colleagues demonstrated that there was a progressive reduction in the plasma miR-106b level in COPD patients with a negative correlation of disease duration, which could be an important clinical indicator for COPD. 15 Hence, the relation between miRNAs and target genes can play a vital role in COPD progress, which might provide novel approaches to the management of COPD that have been receiving a great deal of attention. With high-throughput sequencing technique, abundant expression profiles of miRNAs and mRNAs have been provided to databases for the public. Gene Expression Omnibus (GEO) dataset and bioinformatic analysis have been widely used to search disease-related biomarkers in various medical researches. [16] [17] [18] Dr. Ma'en and colleagues have found that network based on analyzed data represented a novel approach to discover biomarkers in peripheral blood mononuclear cells (PBMCs) of COPD. 19 Based on bioinformatics, a study by Liu et al, was identified that the expression of miR-23a and miR-145 was significantly decreased in COPD patients, compared with healthy controls. Furthermore, miR-23a might be as a promising biomarker of discriminating frequent exacerbators from non-frequent exacerbators of COPD via ROC curve analysis. 20 In this study, it was aimed at finding certain miRNAs that can indicate risks of COPD based on coexpression profiles of miRNA to its targeted mRNA, and to further investigate their roles on the pathogenesis and development of COPD.
Materials And Methods

Selection Of Differentially Expressed miRNAs And mRNAs
Data of miRNA and mRNA expression in lung tissues for 25 individuals (17 COPD and 8 normal smokers) were obtained from an NCBI GEO database (http://www.ncbi. nlm.nih.gov/geo/; accession no. GSE38974). 7 The whole gene expression matrix was normalized by the quantile method, then transformed with the log2-scale. Finally, miRNAs and mRNAs with differential expression between COPD and normal smokers were further screened by using the LIMMA package in R software, with criteria |fold change| >1.5 and positive false discovery rate <0.05.
Weighted Gene Co-Expression Network Analysis (WGCNA)
A scale-free gene co-expression network, including differentially expressed miRNAs and mRNAs, was constructed by using the WGCNA package in R software. 21 First, data from samples were clustered with the "hclust" function for detecting outliers. Then, an appropriate soft threshold power β was chosen with the "pickSoftThreshold" function to build a scale-free topology. The height was set at 0.80, and the β was determined as 14 ( Fig. S1) . Next, the adjacency matrix was calculated based on the β value, and then transformed into a topological overlap matrix (TOM) and corresponding dissimilarity (1-TOM). Genes with similar expression pattern were clustered, and modules were divided by "cutreeDynamic" functions with default parameters. Because modules identified by the dynamic tree cut algorithm may be similar, they were merged with a height cutoff of 0.15.
Key Co-Expression Modules Of COPD And Functional Enrichment Analysis
Module eigengenes (MEs) were defined as the first principal component in each module and could summarize expression patterns of all genes in a module. To determine the key modules most relevant to COPD, the MEs for each module were calculated with the "moduleEigengenes" function, and correlation with COPD was analyzed with the "Pearson" method. The database for annotation, visualization and integrated discovery (DAVID) tools provided a comprehensive set of functional annotation tools for investigating biological significance with a list of differentially expressed mRNAs. Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis was implemented in DAVID for exploring signal transduction pathways.
Construction Of Regulatory Network
The bioinformatic prediction algorithm TargetScan was used to predict target genes for each differentially expressed miRNA. The correlation between differentially expressed miRNAs and mRNAs was assayed by Pearson correlation analysis: only the miRNA-mRNA pair with r < −0.5, p < 0.05 was considered significant, and selected as a novel candidate for further investigation. Then, regulatory network was constructed based on differently expressed miRNAs and correlated target mRNAs by using Cytoscape software.
Sample Preparation And Validation
Peripheral blood samples from 48 individuals (24 smokers with COPD and 24 normal smokers) were obtained from The First Affiliated Hospital of Wenzhou Medical University and written informed consent was obtained with all subjects. The experimental procedures were approved by the Medical Ethics Committee of The First Affiliated Hospital of Wenzhou Medical University (approved no.: 2016131). The exclusion criteria were including the history of severe infection, autoimmune disease, solid tumor and other lung diseases. Importantly, the individual who did meet the standard set, the ratio of FEV1 to FVC<0.70 was classified into COPD group after bronchodilator treatment. PBMCs were isolated with human lymphocyte separation medium (Solarbio, China) and stored at −80°C.
Cell Culture
Human bronchial epithelial cells Beas-2B (American Type Culture Collection, ATCC, USA) were cultured in DMEM supplemented with 10% fetal bovine serum in a humidified incubator under 5% CO 2 at 37°C. Cells were then transfected with an hsa-miR-664a-3p mimic or non-targeting control (Sangon Biotech, China) with Lipofectamine 2000 reagent (Invitrogen, USA), according to the manufacturer's protocol, or treated with 2% CSE for 24 hrs. CSE was prepared by bubbling the smoke of two filterless cigarettes through 10 mL DMEM at 2 mins per cigarette for 100% CSE, and this solution was then passed through a 0.22-μM filter for sterilization and stored at −80°C.
Luciferase Activity Assay
The PsiCHECK-2 vector (Promega, USA) harboring the wild-type and mutated FHL1 3ʹ-UTR was co-transfected with an hsa-miR-664a-3p mimic or negative control into HEK293T cells (ATCC). Luciferase activity was detected by using the Dual-Luciferase Reporter Assay System (Promega), according to the manufacturer's instruction. Firefly luciferase activity was normalized to renilla luciferase activity.
Quantitative Real Time-PCR (qRT-PCR)
Total RNA was extracted from cells by using the M5 HiPer Universal Plus RNA Mini Kit (Mei5 Biotechnology, China). cDNA was synthesized with the cDNA synthesis kit or Mir-X miRNA First-Strand Synthesis Kit (both were obtained from TaKaRa, Japan). Primers for qRT-PCR were designed (listed in Table S1 ) and synthesized by Sangon Biotech (China), and the primer for U6 and universal reverse primer for miRNAs were supported by Mir-X miRNA First-Strand Synthesis Kit. qRT-PCR amplification involved using SYBR Green PCR Premix Ex TaqTM II reagents (TaKaRa) with the QuantStudio 6 FlexI real-time system (Applied Biosystems, USA). Relative mRNA expression was determined with the 2 −ΔCt or 2 −ΔΔCt method in comparison to endogenous controls (U6 or GAPDH).
ELISA
Cells were treated with CSE, then levels of IL-6 and IL-8 were determined in supernatant from Beas-2B cells by using commercial ELISA kits (Sino Biological, China), according to the manufacturer's instructions.
Western Blot Analysis
Total protein was extracted from Beas-2B cells and lysed, then the concentration was determined by using a BCA kit (Thermo, USA). Equal amounts of proteins from each sample were separated by 12% SDS-PAGE and transferred to a nitrocellulose membrane (Millipore Co, USA). After blocking with non-fat milk, the membrane was incubated with specific primary antibody at 4°C overnight. After washing with TBST, membranes were incubated with secondary antibody at room temperature for 1 hr. Primary antibodies for FHL1 and GAPDH were from Abcam and Cell Signaling Technology (both in USA). Immunoreactive signals were quantified by using Image Lab (Bio-Rad, USA).
Statistical Analysis
Statistical analysis is involved in using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA). Student's t-test and Mann-Whitney test were used for analyzing two groups with or without normal distribution, and Spearman correlation analysis was used for correlation analysis. p < 0.05 was considered statistically significant.
Results
Construction Of Weighted Gene CoExpression Network
WGCNA was used to analyze 2098 differentially expressed mRNAs and 80 miRNAs (Fig. S2 ) from 25 individuals with miRNA and mRNA expression profiles. After merging modules with high similarity, 13 co-expression modules were identified. The correlation between MEs and COPD is shown in Figure 1A . Among the 13 modules, the green-yellow and turquoise modules were the most significant modules relevant to COPD, with Pearson r = 0.95 (p = 6e
) and −0.95 (p = 8e
), respectively. Functional enrichment analysis was performed to infer the potential functions of mRNAs and miRNAs in the two modules. The results from DAVID tools showed 4 miRNAs and 80 mRNAs in the green-yellow module and 15 miRNAs and 354 mRNAs in the turquoise module (Table S2) . KEGG pathway analysis revealed that those target genes in the turquoise module were involved in TGF-β signaling, NF-kB signaling and apoptosis ( Figure 1B) ; genes in the green-yellow module were involved in protein binding-bridging, copper ion binding and BMP binding ( Figure 1C) . Thus, target genes in the turquoise module had more potential roles for COPD progression than that in green-yellow module.
Regulatory Networks Of Genes In The Turquoise Module
Regulatory networks in the turquoise module were constructed on the basis of inverse correlation between miRNA and target genes by using Cytoscape. A total of 12 differentially expressed miRNAs and matched inversely correlated 120 mRNAs were included in the regulatory networks. Ten miRNAs (hsa-miR-574-3p, hsa-miR-339-5p, hsa-miR-664a-3p, hsa-miR-186-5p, hsa-miR-454-3p, hsa-miR-642a-5p, hsamiR-766-3p, hsa-miR-518b, hsa-miR-634 and hsa-miR-625-3p) were upregulated and two miRNAs (hsa-miR-24-3p and hsa-miR-508-5p) were downregulated in COPD lung tissue vs normal smoker lung tissue (Figure 2 ). In the networks, hsamiR-664a-3p had the most regulatory target genes (n=63), whereas hsa-miR-766-3p and hsa-miR-625-3p had 35 and 33 differentially expressed target genes (Table S3) . Among differentially expressed genes, PTAR1 and DDR2 were regulated by 5 miRNAs, and hsa-miR-186-5p, hsa-miR-642a-5p, hsamiR-766-3p and hsa-miR-664a-3p were predicted to have binding sites for both genes.
Validation Of Upregulated miRNAs In PBMCs From COPD Patients
The 10 upregulated miRNAs in the turquoise module were recorded by fluorescent intensity of miRNA relative expression and analyzed by transformation to a log2-scale. Except for hsa-miR-625-3p, 9 miRNAs showed significantly increased expression (p < 0.05 or p < 0.01) (Figure 3 ). Those 9 miRNAs in PBMCs from COPD patients vs normal smokers (24 for each group) were investigated. Their characteristics were listed in Table 1 . Only the expression of hsamiR-664a-3p was significantly higher in PBMCs from COPD patients than normal smokers (p < 0.01). The expression of hsa-miR-766-3p in PBMCs was significantly decreased (Figure 4) , which was inconsistent with its expression in lung tissue of COPD patients (Figure 3 ).
Validation Of FHL1 Expression In PBMCs From COPD Patients
The expression of hsa-miR-664a-3p was significantly increased in both lung tissues and PBMCs from COPD patients. In the regulation network of miRNA and mRNA pairs, hsa-miR-664a-3p could bind to 63 targeted regulatory genes. Four and a half LIM domains 1 (FHL1) was predicted as one of the target genes of hsa-miR-664a-3p, and has been reported to have a downregulated trend in COPD. 40 Validation Figure 2 Regulatory network of miRNA-target mRNA pairs in turquoise module. The network contained 12 differentially expressed miRNAs (diamond) and 120 target mRNAs (circles): 10 miRNAs and 16 mRNAs were upregulated (red) and 2 miRNAs and 104 mRNAs (purple) were downregulated in COPD lung tissue.
experiments showed that FHL1 expression was significantly decreased in both lung tissues ( Figure 5A ) and PBMCs from COPD patients ( Figure 5C ) (both p < 0.01). The expression of FHL1 was inversely correlated with that of has-miR-664a-3p in lung tissues (r s = −0.79, p < 0.01; Figure 5B ). FEV1/FVC% was positively correlated with FHL1 expression (r s = 0.59, p < 0.01; Figure 5D ) and inversely with hsa-miR-664a-3p expression (r s = −0.21, p = 0.1587; Figure 5E ) in this disease.
Hsa-miR-664a-3p Directly Targeted FHL1
From the above results, TargetScan was used to predict FHL1 3′-UTR binding site(s) for hsa-miR-664a-3p. Dual luciferase reporter assay was used to explore whether FHL1 was a direct target of hsa-miR-664a-3p. The expression of hsa-miR-664a-3p was significantly increased in HEK293T cells after transfection with the hsa-miR-664a-3p mimic as compared with controls ( Figure 6A ). Relative luciferase activity of the 3′-UTR-FHL1 wild type was significantly suppressed with hsa-miR-664a-3p mimic transfection (p < 0.01), but it was unchanged with co-transfection of the 3′-UTR-FHL1 mutant and hsa-miR-664a-3p mimic as compared with negative controls ( Figure 6B ). In addition, FHL1 mRNA and protein expression were negatively regulated by hsa-miR-664a-3p in Beas-2B cells ( Figure 6C and D) .
Expression Of hsa-miR-664a-3p And FHL1 In CSE-Induced Beas-2B Cells
To further study the roles of hsa-miR-664a-3p and FHL1 expression in CSE-induced Beas-2B cells, Beas-2B cells were treated with 2% CSE. As compared with controls, after treated with 2% CSE, IL-6, IL-8 and hsa-miR-664a-3p mRNA expression were increased 2.06-, 2.19-and 1.74-fold, respectively ( Figure 7A and C), and FHL1 expression was significantly decreased down to 51% ( Figure 7D ). The secretion levels of IL-6 and IL-8 were increased with CSE treatment vs control treatment ( Figure 7B ). FHL1 protein expression was also downregulated by 62% with CSE treatment, compared with controls ( Figure 7E ).
Discussion
As a leading cause of death worldwide, COPD has a considerable impact on public health and quality of life. 2 To Figure 4 Differentially upregulated miRNAs validated in peripheral blood mononuclear cells (PBMCs) of COPD patients (smoker: n = 24, COPD: n = 24). Data are relative to U6 expression (**p < 0.01, *p < 0.05). find novel biomarkers of COPD, this study screened COPDrelated miRNAs with targeted mRNAs from the GEO dataset GSE38974, which contained both miRNA and mRNA expression profiles in lung tissues from both normal smokers and smokers with COPD. With bioinformatics analysis, one module showed strong associations with COPD, and 9 miRNAs in this module were significantly upregulated in lung tissues from COPD patients. In COPD patients, unlike in patients with solid tumor, obtaining tissues or epithelial cells from lungs is difficult, so the expression of those 9 miRNAs in PBMCs from COPD patients was validated. Among the 9 significantly expressed miRNAs, only hsamiR-664a-3p was significantly upregulated, which showed a similar trend as in lung tissue. A few reports showed that hsa-miR-664a-3p has different functions in several diseases. Yoneda and coworkers analyzed serum miRNA profiles in samples from participants with and without chronic periodontitis by using microarray and realtime PCR; the expression of hsa-miR-664a-3p was higher in individuals with periodontitis than controls and was a candidate serum biomarker for chronic periodontitis. 22 Modak et al, revealed differential expression of hsa-miR664a-3p in patients with cardioembolic stroke as compared with controls. 23 Aberrant expression of hsa-miR-664a-3p was found in various malignancies, such as gastric cancer, breast cancer, cervical cancer and osteosarcoma. [24] [25] [26] [27] However, the precise role and underlying mechanism of hsa-miR-664a-3p in chronic respiratory disease have not been elucidated. Here, we demonstrated that hsa-miR-664a-3p was significantly upregulated in COPD. However, the expression of hsa-miR-766-3p was inconsistent in lung tissue and PBMCs of COPD patients, that was upregulated in lung tissues and downregulated in PBMCs. An opposite trend of miRNA expression between tissues and blood samples was reported in other disease studies. 28, 29 An explanation is that miRNAs passive release may occur during tissue injury, or its expression may occur through microvesicles or exosome-mediated transfer, which release more miRNAs into the blood stream and then into hemocytes. The potential mechanisms are needed to be further studied. The detailed role and underlying mechanism of hsamiR-664a-3p in COPD disease were demanded to elucidate. We found hsa-miR-664a-3p expression negatively correlated with FHL1 expression, as a direct target gene in the pathogenesis of COPD. FHL1 encodes a member of FHL protein family, functions as a transcription factor and is involved in many cellular processes, especially in the regulation of muscle diseases, accompanied by early respiratory failure. 30, 31 FHL1 expression is also found significantly upregulated in pulmonary hypertension, particularly in the pulmonary vasculature. 32 Furthermore, FHL1 has an important role in CSE-induced proliferation of pulmonary arterial smooth muscle cells and hypoxiainduced pulmonary hypertension. 33, 34 However, numerous studies implied that FHL1 may have a tumor suppressor activity and play significant roles in tumorigenesis and progression. Its expression was found downregulated in many cancers, [35] [36] [37] [38] [39] such as gastric, lung, prostate and breast cancer, suggesting that FHL1 has the various physiological and pathological functions. In COPD, FHL1 was detected in type II pneumocytes, macrophages, bronchi and capillaries of lung tissue from COPD patients and was found downregulated in CSE-induced primary human lung cells. 40 Here we found FHL1 expression downregulated in both lung tissues and PBMCs from COPD patients as compared with normal smokers, and the expression was negatively correlated with hsa-miR-664a-3p level in lung tissue. In addition, FHL1 expression was positively correlated with FEV1/FVC%. Previous studies demonstrated that cigarette smoke exposure is the crucial risk factor for COPD pathogenesis, accompanied by release of IL-6 and IL-8 in airway epithelial cells. 3, 41 In this study, CSE exposure significantly increased the expression of IL-6 and IL-8 in Beas-2B cells, for consistent results with previous studies. Simultaneously, it was identified that increased hsa-miR-664a-3p expression and decreased FHL expression in CSE-induced Beas-2B cells, which showed a significant negative correlation in vitro study of COPD.
Conclusions
The present study revealed increased expression of hsa-miR664a-3p in both lung tissues and PBMCs from COPD as compared with normal smokers, and the miRNA could regulate pulmonary function by negatively regulating its target, FHL1. Moreover, CSE treatment could significantly increase the expression of hsa-miR-664a-3p and decrease that of FHL1 in Beas-2B cells, and with higher inflammtion factors. Thus, hsa-miR-664a-3p and its targeted FHL1 may play a pivotal role in CSE-induced COPD, but the exact mechanisms are needed by further study.
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